Features of neighboring elements are not processed independently. Often, it is assumed that nearby features are integrated by a (pre-attentive) pooling mechanism. Here, we show that in the feature inheritance effect some features are integrated across space whereas others are not. This result may be partly explained by a very focused spatial attention. Our findings challenge models based on a simple pooling mechanism.
Introduction
How features are integrated in the mammalian brain is one of the open issues in the neuro-and cognitive sciences. Using the recently discovered feature inheritance effect, we could show that features of one element can be attributed to another element of the visual display, i.e., features can be mis-localized (figure 1; Herzog & Koch, 2001) .
In feature inheritance, a stimulus is followed by a grating which masks the preceding stimulus but simultaneously expresse some features of the stimulus (Herzog & Koch, 2001 ). For example, if a vernier precedes a grating comprising five elements, the vernier remains largely invisible whereas the grating appears to be offset in the direction of the vernier-though the grating is not offset at all (Fig. 1) . We called this effect feature inheritance since a feature of one element presented at one point in time is bequeathed to a variety of elements displayed at a subsequent point in time. Inheritance is not restricted to vernier offsets. Feature inheritance occurs also with oriented lines or for the direction of movement induced by a vernier displayed in apparent motion (Herzog & Koch, 2001 ; for an animation of stimuli stimuli 1 ). In spite of observersÕ claims to perceive the whole grating as offset, it turns out that subjects focus attention either on the left-most or on the right-most element of the grating where they perceive the vernier offset in the vernier inheritance paradigm (Fig. 1) . Mis-localization has occurred since the vernier was presented at the center of the screen. It seems that feature inheritance depends strongly on attention.
Here, we characterize these attentional factors. We show that offsets of grating elements can be combined with the vernier offset in the focus of attention, i.e., at the attended edge element. We inserted offsets at this attended edge in a direction opposite to the vernier to show that the integration of offsets is scaled and the vernier offset can be nulled. Attention can be directed to the edge covertly, i.e., attention can be allocated without eye movements. The distance between the location of vernier presentation and the focus of attention seems to change feature integration since performance deteriorates with increasing spacing of the grating, i.e., with an increased distance between vernier and attended edge. The feature inheritance effect allows to dissociate the focus of attention from the location of target presentation.
General materials and methods

Stimuli
Stimuli appeared on a point-plot display (HP 1332 A or HP 1333 A) controlled by a Macintosh computer via fast 16 bit D/A converters (1 MHz pixel rate). A vernier consisted of two vertical segments each 10 0 long separated by a vertical gap of 1 0 . Thus, a vernier was 21 0 long. The two vernier segments could be offset in the horizontal direction either to the left or right. In most conditions, the vernier was immediately followed by a grating comprising five aligned verniers (Fig. 1) . Except for offset, spatial parameters of the vernier and the following grating elements were identical. The horizontal spacing between grating elements was 200 00 (except for experiments 3.3.1 and 3.3.2). Hence, the spatial extent of the grating was 800 00 (except for experiment 3.3.2). In many conditions, elements of the masking grating are offset in addition to the vernier. If these elements are offset in the direction opposite to the vernier, these elements are said to be anti-offset. The anti-offset sizes are usually much smaller than those used for the vernier.
We refreshed stimuli every 10 ms. Before the stimuli were presented, a fixation spot was turned on in the center of the screen simultaneously with four markers at the corners of the screen for 1 s followed by a blank screen for 200 ms.
Subjects observed the stimuli from a distance of 2 m in a room illuminated dimly by a background light (0.5 lux). Background luminance was below 1 cd m 2 . Luminance of stimuli was around 80 cd m 2 .
Procedure and task
In feature inheritance, observers spontaneously attend to one of the edges of the grating where they perceive the illusory vernier offset (Fig. 1 ). This element is said to be the preferred edge. In the experiments, we asked subjects to attend to this preferred edge or to the opposite edge constantly in one block. In a binary forced choice task, observers had to report the illusory offset direction (''left'' vs. ''right'') of the attended grating element by pressing one of two push buttons. We will show that subjects base their decisions on the illusory offset of the attended edge element and not ''directly'' on the preceding vernier ( Fig. 2 ; the vernier is largely invisible because of short presentation time).
If provided, feedback about observersÕ incorrect responses was conveyed by a tone (no tone signaled a correct response). A block of stimulus presentations consisted of 80 trials.
For each subject, every condition was measured twice. The order of conditions was randomized for each Fig. 2 . We displayed a vernier followed by a five element grating in six conditions. (A) The preceding vernier was followed by a grating comprising only aligned elements. Subjects attended to their preferred edge (here indicated as the left edge). (B) The grating comprised four elements without offset plus an additional anti-offset element at the non-preferred edge. (C) The same stimuli were used as in the second condition. However, subjects were instructed to attend to their nonpreferred edge. (D) The center element of the grating was anti-offset. Subjects attended to their preferred edge. (E and F) Subjects attended to their non-preferred edge. The grating contained an anti-offset element at the preferred edge (F) or none at all (E). Offset sizes are exaggerated for clarityÕs sake. Results. Accuracy in conditions A-F (determined relating to the preceding vernier). Only in condition (C), there was a marked decline in performance. It seems that anti-offsets have a strong impact on performance only if they are in the focus of attention (C). See also figure 2 of Herzog and Koch (2001) which covers conditions A-C. Fig. 1 . A vernier stimulus is followed by a grating comprising five verniers without offset. Subjects attend to one edge element of the grating where they perceive the offset of the preceding vernier. Mislocalization of the vernier offset occurs since the vernier is presented in the center of the display whereas attention is on one of the edge elements.
observer to reduce possible hysteresis or order effects in the averaged data. After every condition was measured once, the order of conditions was reversed for the second row of measurements in order to, at least partly, even out possible learning effects.
Performance is determined as the percentage of responses in which the attended edge element is judged to be offset in the same direction as the vernier. When a grating element is (anti)-offset, we determine performance related to the vernier. Hence, a performance above 50% indicates dominance of the vernier, a performance below 50% signals dominance of the anti-offset grating element, and 50% indicates no dominance.
Observers
Data were obtained from paid students of the University of Bremen, Germany, from the first and last author, and from a co-worker. All observers had normal or corrected-to-normal acuity. Before the experiment proper took place, the general purpose of the experiment was outlined to each observer. Moreover, subjects were told that they could quit the experiment at any time they wished. After subjects signed a consent form, their visual acuity was determined by means of the Freiburg acuity test (Bach, 1996) . To participate in the experiments subjects had to reach a value of 1.0 at least for one eye (corresponding to 20/20).
Subjects were trained with feature inheritance until stable performance was reached before they participated in the parametric experiments (unless stated otherwise). Special emphasis was devoted to reduce the presentation time of the preceding vernier to ensure its subjective invisibility as well as to minimize apparent motion cues that occur for longer SOAs between vernier and grating onset. In general, presentation times of the vernier ranged from 20 to 50 ms with the exception of one observer who performed experiment 3.1.1 without training (presentation time for this observer: 120 ms).
Feature inheritance may need extended training to be perceived. Sometimes, 1 or 2 h-long sessions are needed to find the presentation time and vernier offset size appropriate for subjects to perceive the illusory offset. Initially, observers may require presentation times of 120 ms and vernier offsets can be as large as 150 00 . Once an observer has experienced feature inheritance or performance is reliable, both vernier duration and offset size are reduced step by step to presentation times of about 40-70 ms and vernier offset sizes of 80 00 . Well trained observers reach vernier presentation times of 20-50 ms.
For some observers, feature inheritance is a strong effect but for others it is not. As a rule of thumb, for observers with poor temporal resolution longer presentation times of the vernier can be used which lead to a strong feature inheritance effect but still a rigid grating is perceived. On the other hand, for some subjects, especially those active in sports, very short display times have to be used (especially if they prefer fast ball games or fencing).
We also reproduced the feature inheritance effect on a raster CRT instead of a point-plot display. Feature inheritance was better perceived if observers were seated 5 m away.
Artifacts
To rule out possible programming artifacts, we determined performance with all but the attended edge covered by an occluding cardboard. Three observers performed at chance level, that is, they were unable to detect the vernier offset hidden under the paper. No inherited features could be perceived.
Experiments
The focus of attention
In feature inheritance, the whole grating appears to be offset in the direction of the vernier. However, the decision about the vernier offset is not based on the whole grating but on one edge element of the grating, to which the vernier offset is mis-localized (Herzog & Koch, 2001 ). The following experiments will investigate the mechanisms underlying this kind of feature mislocalization.
Features inside versus outside the focus of attention
Why is the vernier offset mis-localized in feature inheritance? Several scenarios are conceivable. First, subjects base offset discrimination directly on the foregoing vernier. The grating strongly masks the visibility of the vernier element but does not hinder responses to the vernier offset. The grating itself does not play a role for decision. Only, if asked about their strategy, observers wrongly report to have attended to one of the edges of the grating. For example, offset discrimination might be made according to the vernier based on a very quick process involving unconscious pathways which may be dedicated to action but without reaching conscious perception similar to the ones shown in priming studies (e.g. Neumann & Klotz, 1994; Vorberg, Mattler, Heinecke, Schmidt, & Schwarzbach, 2003) . In this scenario, neither attention nor the grating play an important role. Second, preceding vernier and grating features may be combined by neurons with wide receptive fields. Positional information on the ''fine'' scale is lost and, therefore, the whole grating appears to be offset. If asked, subjects report wrongly having attended to one of the edge elements. In this case, discrimination would be based both on the vernier and on all grating elements. Only attentional mis-localization is epiphenomenal. Third, ''real'' mis-localization occurs. Subjects indeed perceive the vernier offset only at the attended edge as they claim. In this case, properties of the vernier have to ''be mis-attributed'' in some way. The following experiment supplies evidence for the third scenario.
3.1.1.1. Methods. A vernier preceded a grating with five aligned verniers. In the training sessions, observers spontaneously chose one edge of the grating to which they paid attention when performing the task. In the first condition, observers were asked to attend to this preferred edge ( Fig. 2A ). In the second condition, the task instruction was as in the first condition but the element at the non-preferred edge was anti-offset, i.e., offset direction was always opposite to that of the vernier (Fig.  2B ). In the third condition, the same stimuli were used as in the second condition but task instruction was reversed in that observers were asked to attend to the non-preferred edge (Fig. 2C) .
We also determined performance if the center element of the grating was anti-offset ( Fig. 2D ). In the fifth and sixth conditions, attention was switched from the preferred to the non-preferred edge: observers attended to their non-preferred edge while the preferred edge element either was (Fig. 2F ) or was not ( Fig. 2E ) anti-offset. Before performing the fifth and the sixth condition, subjects were given a few practice trials until they felt comfortable with the new regime.
Seven observers participated in this experiment. One of the observers was not trained before. She performed the task with a presentation time of the vernier of 120 ms (but did not realize its existence as verbal reports revealed). The other six observers were trained until they reached stable performance. For each observer, the offset size of the preceding vernier and of the grating element were determined independently. The offset size of the preceding vernier was roughly a factor of 3-12 times larger than the anti-offset of the non-attended grating element. No feedback was provided. Performance was always determined according to the vernier, i.e., performance below 50% indicates a dominance of the anti-offset edge element.
3.1.1.2. Results and Discussion. According to scenarios 1 and 2, attention plays no important role in feature inheritance. In scenario 1, the decision is based on the vernier only and, therefore, we would expect no difference in performance between the second and the third condition because stimuli are identical, only the focus of attention differs (Figs. 2B and C) . If subjects base their decisions indeed on the whole grating (scenario 2), we would expect observers to incorporate the anti-offset at the non-preferred edge leading to a difference in performance between the first and the second condition (Figs. 2A and B).
As seen in Fig. 2 , the difference in performance between condition A (70.8%) and the conditions B (65.7%) and D (72.1%), is small. Hence, performance is only slightly affected by the anti-offset of the non-attended grating element. However, if subjects are asked to switch attention to the non-preferred edge, performance decreases dramatically to a mean value of 11.7% if this element is anti-offset (Fig. 2C) . Hence, the anti-offset at the non-preferred edge exerts a strong influence on performance, however, only if attention is allocated to it.
If subjects are asked to attend to their non-preferred edge (condition E), performance is rather similar (68.5%) as in the corresponding condition A (70.8%). Again, if the element at the opposite side of the attended element, i.e., in this condition, at the preferred edge, is anti-offset to that of the vernier, performance remains almost unchanged (condition F: 70.2%). In all conditions, standard errors of the results are fairly small, ranging from 1.5 to 2.6.
We conclude that, first, features of the grating play an important role for performance, i.e., the vernier offset by itself does not determine feature inheritance (contrary to the prediction of scenario 1). Second, if the central element of the grating or the element at the non-attended edge is anti-offset, performance is comparable to the first condition (contrary to the prediction of scenario 2). Anti-offsets in the focus of attention influence results quite strongly providing evidence for the third scenario.
Attention to edges and inner elements of the grating
The vernier offset is mis-localized since it is perceived at one of the edges of the grating though the vernier was presented at the center. In this experiment, we show that the deployment of attention to one of the edges is not specific for the backward masking nature of the feature inheritance effect.
3.1.2.1. Methods. A grating with five elements was presented without a preceding vernier. One, two, or five elements of the grating could be offset. The other elements were aligned. For each observer individually, we determined the offset size for which the observer performed at about 80% correct responses in a condition in which only the preferred edge element was offset (Fig. 3 , condition 1). This offset size or the doubled offset size was also used for other grating elements in case these elements were offset. Moreover, offset direction of these grating elements was the same as of the preferred edge element (indicated by ''c'' in Fig. 3) or it was anti-offset to it (indicated by ''ac'' in Fig. 3 ). Five observers were instructed to focus attention on the preferred edge in the first eight conditions (black bars in Fig. 3 ) and on the element directly neighboring the preferred edge in the ninth and tenth condition (grey bars in Fig. 3 ). Condition 1: only the preferred edge element was offset. Condition 1 + 2(c): both the preferred edge element and its neighboring element were offset in the same direction. Condition 1 + 2(ac): the preferred edge element and its neighboring element were offset in opposite directions. Condition 1 + 2d(ac): as in 1 + 2(ac) but the neighboring element had an anti-offset twice as large as the preferred edge. Condition 1 + 3(ac): the third element was antioffset to the preferred edge. Condition 1 + 5(ac): the fifth element was anti-offset to the preferred edge. Condition 1 + 2-5(ac): the second through the fifth elements were anti-offset to the preferred edge element. Condition 2: only the element neighboring the attended edge was offset. In all conditions up to here, attention was focussed on the preferred edge element. In conditions A2 and A2d, the element neighboring the attended edge was offset and attention was focused on this element (offset size is doubled in A2d).
3.1.2.2. Results and discussion. Performance stays on an almost constant level in all conditions in which the preferred offset edge element is attended whether or not the other grating elements are straight, offset, or anti-offset (Fig. 3, first seven conditions) . Performance does not even change when the anti-offset size is twice as large as the offset size of the preferred edge or if all grating elements are anti-offset to the preferred edge (Fig. 3 , conditions 1 + 2d(ac) and 1 + 2-5(ac), respectively).
If only the second element of the grating is offset (conditions 2, A2, and A2d), performance is roughly at chance level. This result holds whether attention is paid to the non-offset, preferred edge element (condition 2) or to the neighboring offset element (condition A2) even if its offset size is doubled (condition A2d).
It seems that observers focus attention on one of the edges of the grating since features of these edge elements can be discriminated much more reliably than those of inner grating elements possibly related to a limited attentional resolution or to crowding effects (see Section 4).
Cueing attention
In the last experiments, observers constantly paid attention to one of the edges of the grating possibly resulting in a fixation of the corresponding edge. Here, we show that observers can perform feature inheritance without a steady fixation of the eyes. Hence, covert attention seems to be sufficient for the mis-localization of features.
3.1.3.1. Methods. A vernier preceded a grating with five elements. If a cue was presented it indicated to which edge element of the grating observers should attend to. The cue was a small vertical line with a length of 100 00 . The cue could appear either above or below the central grating element at a vertical distance to the center of the screen of 2000 00 . For example, a lower cue indicated to attend to the left edge whereas an upper cue indicated to attend to the right edge. The cue appeared 180 ms before vernier onset. The cued, attended edge element was aligned. The grating element at the non-cued, i.e., nonattended edge, was anti-offset to the vernier to test whether observers, indeed, followed the instruction. This anti-offset was chosen individually for each observer aimed to yield a strong impact on performance.
In the first condition, no cue was presented and observers paid attention to the left edge in the first block and to the right edge in the second block or vice versa. The respective non-attended edge element was anti-offset to the vernier. These conditions are identical to the second (B) or sixth (F) condition of Fig. 2 . In the second condition, a cue appeared 180 ms before the vernier Fig. 3 . A five element grating was presented without a preceding vernier. One, two, or five elements of the grating were offset in the same or opposite direction. Conditions are labeled regarding the elements that were offset, with ''1'' being the preferred edge element, ''2'' its immediately neighboring element, ''3'' the central element, and ''5'' the non-preferred edge. If a grating element is anti-offset to the offset at the preferred edge, this is indicated by ''ac''; if it is offset in the same direction by ''c''; ''d'' indicates a doubled offset size (1 + 2d(ac) and A2d). In the A2 and A2d conditions, observers attended to the second element of the grating (indicated by the grey columns) while in all other conditions, they attended to the preferred edge element. Attended elements are indicated by the small arrows. Performance in all conditions, in which observers attend to the preferred offset edge, is on a comparable level (the first seven conditions). When only the element neighboring the preferred edge is offset, performance is around chance level whether or not attention is paid to this element (conditions 2, A2, and A2d). Performance is determined as the percentage of correct responses corresponding to the attended edge element.
onset and observers were asked to pay attention according to this cue. The non-attended edge element was antioffset to the vernier. A few training trials were provided until subjects were comfortable with the cueing procedure. In the third condition, the regime was as in the second condition except for that, now, the attended edge element was anti-offset to the vernier whereas the nonattended edge was aligned. Task instruction was not changed. Four highly trained observers participated.
3.1.3.2. Results and discussion. As in experiment 3.1.1, performance is comparable when observers pay attention constantly, i.e., blockwise, to their preferred or non-preferred edge. If the attended edge is cued, performance only slightly deteriorates compared to when attention is blockwise focused at the edges (Fig. 4) . It seems that covert shifts of attention can be performed without any extra cost if the cue appears 180 ms before vernier onset. As in the blockwise condition, performance is comparable for both edges, i.e., observers, indeed, switch their attention and do not focus attention preferentially on one edge. If the cued edge element is anti-offset to the vernier, perceptual dominance reverses, i.e., this anti-offset element determines performance. Therefore, the anti-offset is large enough to exert a strong impact on performanceas long as attention is paid to it.
Since the cue was presented 180 ms before the vernier, observers cannot saccade to the attended edge.
Hence, it seems that feature inheritance can occur with covert shifts of attention when the edge to be attended is chosen randomly from trial to trial.
Combining features
The offset of the preceding vernier is mis-localized in feature inheritance. In the following experiments, we show that the vernier offset is integrated with an offset of the attended grating element in a scaled way, i.e., the (anti)-offset of the grating does not simply overrule the vernier offset. These experiments explore quantitatively the way in which signals are integrated during feature integration.
Varying vernier offset size
In this experiment, we show that features of the vernier and the attended grating element are taken into account almost equally if offset sizes are chosen to yield corresponding performance levels.
3.2.1.1. Methods. Six observers participated in three experimental conditions. In the first condition, the vernier was followed by five aligned elements as in most experiments before (see ''Standard'' in Fig. 5 ). In the second condition, the vernier was not offset but the preferred edge element was (the other elements of the grating were aligned; see ''Vernier 0'' in Fig. 5 ). Observers were asked, as usually, to attend to the preferred edge element to report the (illusory) offset. In the second condition, we chose to present the results as 100% minus the percentage of correct responses for the grating element since this performance serves as a baseline for the grating element that will be anti-offset to the vernier in the next, third condition. In the first two conditions, offset sizes of the preferred edge element and of the preceding vernier, respectively, were individually chosen aiming to yield about the same performance level of around 75% correct responses, i.e., 25% for the attended grating element. In the third condition, the vernier and the element at the preferred edge were offset in opposite directions (see ''Both offset'' in Fig. 5 , offset sizes as determined in the two preceding conditions). Four naive subjects knew neither of the preceding vernier nor about the offset at the preferred edge. Again, the first and the last author participated.
In the second part, we quantified the effects of feature inheritance by using a nulling procedure. For a fixed vernier offset size (but varying vernier offset direction), we determined the anti-offset size of the preferred edge element that cancels the vernier offset leading to a performance of around 50%. To determine this point of subjective equivalence (PSE), we used the adaptive method PEST (Taylor & Creelman, 1967) . For each subject, the starting anti-offset value of the attended grating element was chosen individually and ranged from 15 00 to Fig. 4 . A vernier was presented followed by a grating comprising five elements. A cue indicated to which edge element of the grating observers should attend to. For example, a line below the grating indicated to pay attention to the left edge. The cue was presented 180 ms before vernier onset (the vernier is not shown in this figure) . In the first condition (No cue), observer paid attention either to their preferred (black column) or non-preferred edge (grey column) for one block of presentations. In the second condition, the cue indicated to which edge attention should be payed in each trial. The cued edge was aligned (Cue ! n). In the third condition, the cued edge was anti-offset (ac) to the vernier (Cue ! ac). Results. Performance is comparable irrespective of whether attention is payed to the preferred or nonpreferred edge in all three conditions. Cueing the edge (Cue ! n) only slightly lowers performance compared to blockwise focusing attention to one edge (No cue). Attending to the anti-offset edge element, in the third condition, reverses perceptual dominance, i.e., the anti-offset is large enough to determine performance as long as attention is payed to this element. 50 00 . PEST searched for the PSE either by de-or increasing the tested anti-offset. Four observers participated.
3.2.1.2. Results and discussion. The performance level in the third condition of the first part of the experiment (Both offset) is in between the other two conditions in which either the vernier or the grating element only were offset ( Fig. 5 ; p values: 0.0032 (Standard vs. Both offset), 0.0041 (Vernier 0 vs. Both offset)). We conclude that features of both the vernier and the edge element are combined in the focus of attention. It seems that offsets can ''cancel'' each other out if they are in opposite directions and if they are comparable in performance in the first two conditions. These results rule out the possibility that feature inheritance occurs only if the grating does not contain the features under investigation. Also subjectively, both offsets are taken into account to create a unique percept (see also Section 4). Moreover, subjects did not realize the difference between the individual conditions. If, after the experiment, the paradigm was revealed to observers they confessed surprise and reported not having perceived any difference between conditions.
To quantify the point of subjective equivalence, we employed an adaptive method in the second part of the experiment (Fig. 6) . The anti-offset size of the attended grating element, required for cancellation, increases monotonically with increasing vernier offset.
Varying the offset size at the preferred edge
In the last experiment, we determined the threshold for anti-offset equivalence for a fixed vernier offset. In this experiment, we determine performance for a given offset of the preferred edge if the vernier has a fixed offset or is not offset at all.
3.2.2.1. Methods. The first author and four naive observers attended to their preferred edge, four observers to the left and one subject to the right. This edge element could be offset in the same or opposite direction as the vernier (see Fig. 7) . A minus sign indicates that the edge element was anti-offset, a positive value that the offset direction was the same as the preceding vernier. In the first condition, the vernier was non-offset and, in the second, its offset size was 120 00 . Vernier presentation time was determined individually to yield comparable results. The ordinate of Fig. 7 shows the percentage of correct responses related to the preceding vernier. In the condition when the vernier was not offset, still a virtual vernier offset direction was randomly chosen in each trial (with offset size zero). The offset direction of the attended grating element was determined according to this ''virtual'' offset direction of the vernier, e.g., a negative offset size indicates that the grating element was anti-offset to this virtual vernier offset. Fig. 6 . A vernier with a fixed offset size preceded the five element grating. Observers attended to their preferred edge. An adaptive method determined the anti-offset size of this edge element for which performance was around 50%, i.e., the point of subjective equivalence for vernier offset and edge element anti-offset. The PSE increases monotonically with increasing vernier offset. Fig. 5 . In the first condition, an offset vernier preceded a grating comprising five elements (''Standard''), corresponding to Fig. 2A . In the second condition, the vernier was not offset, however, the preferred edge element was (Vernier 0). In the third condition, both the vernier and the edge element were offset (Both offset). Offset directions of vernier and edge element were opposite to each other. Both offset sizes were determined in preceding conditions. Performance is indicated as the percentage of correct responses related to the vernier. Performance in the third condition is around 50% suggesting that offsets of the vernier and the edge element cancel each other out. Fig. 7 shows, performance depends monotonically on the offset size of the preferred edge element. It seems that, as in experiment 3.2.1, the offset of the grating element is combined with the vernier offset in a scaled way. The larger this grating offset is the stronger it dominates performance. Offset verniers can change performance, compared to a non-offset one, by about 25%. Small offsets of the edge element of only 10 00 have already a substantial influence on feature inheritance. Subjectively, only one offset is perceived that seems to be caused by the integration of the vernier and the edge element offset in a scaled way.
Results and discussion. As
Spatial dimensions
Features are perceived in the focus of attention, i.e., features are mis-localized. In the following two experiments, we show that the distance between the vernier target and the focus of attention influences performance whereas the number of grating elements does not.
Number of grating elements
By varying the horizontal spatial position of the vernier, we showed that performance improves if the vernier is presented closer to the attended edge and deteriorates if presented more distant (Herzog & Koch, 2001) . Does this change of performance depend solely on the distance between the vernier and the attended edge or is it influenced by the spatial layout of the grating, e.g., by the number of elements? To investigate this question, we varied the number of grating elements while keeping constant the distance of the vernier to the preferred edge.
3.3.1.1. Methods. A vernier preceded a grating with a variable number of elements. The width between the outer edges of the grating was constant at 800 00 . Therefore, when increasing the number of elements, we had to decrease the spacing between grating elements to keep constant the horizontal width of the grating. We used gratings with 11, 9, 6, and 5 elements (5 elements correspond to the standard condition). Spacing between grating elements was 80 00 , 100 00 , 160 00 , and 200 00 (standard), respectively. Error feedback was provided by means of a tone. Five subjects focused attention on their preferred edge.
3.3.1.2. Results and discussion. Performance stays on a constant level when the number of grating elements varies (Fig. 8) . This finding indicates that an increase in the overall energy of the grating seems not to influence the results. Moreover, it might indicate that the overall structure of the grating is not important. For some observers, the vernier can be rendered visible for gratings with 9 and 11 elements if attention is paid to the center of the grating instead to the preferred edge.
Varying the grating spacing
Performance improves when the vernier is presented closer to the attended edge (Herzog & Koch, 2001) whereas the number of elements per se seems not to influence results (see last experiment 3.3.1). In this experiment, we varied the spacing of the grating elements to determine the influence of the distance between the focus of attention and the target location.
3.3.2.1. Methods. A vernier preceded a grating with five elements. The spacing between the grating elements was varied. In the first condition, the vernier was offset whereas all grating elements were aligned ( Fig. 9: vernier Fig. 8 . The number of grating elements was varied whereas the overall spatial extent of the grating remained constant at 800 00 . Hence, when increasing the number of grating elements, the spacing between elements had to be decreased to keep constant the overall size of the grating. The abscissa shows the number of elements. Changing the number of elements does not change results significantly. Fig. 7 . The offset size of the preferred edge element was varied. On the abscissa, ''0'' means that the grating element at the preferred edge is not offset, a minus sign that the offset was anti-offset to the vernier, and a positive offset size indicates an offset in the same direction as the vernier. In the second condition, the vernier was not offset. The offset size of the grating element interferes with the inherited offset in a monotonic fashion. offset). In the second condition, the element at the preferred edge was offset but the preceding vernier was not offset (Fig. 9 : edge element offset). Performance is indicated in the figure by 100% minus the percentage of correct responses for the grating element. In the third condition, the offset of the attended edge was anti-offset to the preceding vernier ( Fig. 9: both offset) . Vernier duration, vernier offset, and edge element offset were determined individually to yield comparable performance levels. In the ''Both offset'' condition, the vernier and edge element were offset with offset sizes as determined individually in the two previous conditions. 3.3.2.2. Results and discussion. In all three conditions, performance declines when the spacing between elements increases (Fig. 9) . In Herzog and Koch (2001) , we showed that the distance between target and focus of attention strongly influences the results for the standard 800 00 wide grating by varying the vernier position. Changing the grating spacing also changes the distance between the vernier and the attended edge element (Fig. 9 ). In the second condition (edge element offset), we hypothesize that performance (determined according to the grating element but displayed as 100% minus this performance) declines since the offset of the edge element can more easily be discriminated. This improved discriminability may be based on lateral interactions between grating elements which decrease with increasing spacing (e.g., Westheimer & Hauske, 1975) . This result gives rise to the speculation that also in the first condition, i.e., in standard inheritance, lateral interactions are active and the distance between the vernier and the attended edge plays an important role. Evidence for this hypothesis comes also from an analysis of response bias. In standard inheritance, performance is usually better for the vernier offset to the left if the left edge is preferred and vice versa, if the right edge is attended. Combining both offsets yields performance in-between the curves, indicating a combination of both offsets.
General discussion
The focus of attention
A briefly presented vernier can bequeath its offset to a following grating. Observers pay attention to one edge of the grating at which they perceive the illusory vernier offset. Therefore, the vernier offset is mis-localized since the vernier was presented at the center of the screen, i.e., 400 00 away from the attended edge. Offsets at the attended edge influence performance whereas offsets of non-attended grating elements seem not to influence performance (Fig. 2) .
Analogous results are found for gratings if no vernier precedes, i.e., only a grating is presented. For example, vernier offset discrimination for the attended edge element remains virtually unchanged if the neighboring grating element is presented with an offset in opposite direction to the attended edge-even if this anti-offset is double as large as the offset of the attended edge (Fig. 3) . Moreover, if all grating elements are anti-offset relative to the preferred edge, performance does not change in this experiment (Fig. 3) . Hence, offsets in the grating, outside the focus of attention, seem not to influence performance. It seems that attention can be very focused.
Performance is almost at chance level if observers pay attention to the neighboring grating element even for large offsets (Fig. 3, conditions A2 and A2d) . This result may be explained on a basis of a limited spatial resolution of attention. Attentional resolution is often worse than spatial resolution (e.g., He, Cavanagh, & Intriligator, 1996) ; For example, the inner elements of arrays of identical elements cannot be reliably identified even if the distance between these elements is by far wider than the limits of spatial resolution. Attentional resolution for gratings is estimated to be larger than the spacing of 200 00 between our grating elements (Intrilligator & Cavanagh, 2001; Kowler & Steinman, 1977) . Hence, vernier discrimination for inner grating elements may be strongly deteriorated due to the limits of attentional resolution. Because of these limitations, observers may tend to focus attention on one of the edge elements of the gratings whether or not a vernier precedes. In line with these arguments, Felisberti and Morgan (2001) have shown that discrimination at edge elements is better than at inner elements of a stimulus array. Fig. 9 . We varied the spacing between the grating elements in three conditions in which only the vernier was offset, or only the edge element, or both of them were offset in opposite directions. Performance (determined according to the vernier) declines in all three conditions, when the spacing between elements increases. Standard errors can be smaller than symbol size.
Whereas attention seems to be hard to focus on inner grating elements, attention can be easily switched to the non-preferred edge (Fig. 2) . Feature inheritance also occurs if the to-be-attended edge varies between trials triggered by a cue (Fig. 4) . Since this cueing time is only 180 ms before vernier onset, we do not expect eye movements to play an important role in feature inheritance. Hence, covert shifts of attention are sufficient to perceive feature inheritance.
Observers always perceive an illusory vernier offset no matter which edge they attend to. This means that participants will never realize that the edge they pay attention to is in fact aligned. It remains an open question whether attention integrates the offset of the vernier and the attended grating element or whether the vernier offset is combined with all grating elements pre-attentively but is read out at the attended edge only.
It is worth noting that if subjects do not know about the existence of the preceding vernier, they may never realize its existence. They are attending so strongly to the preferred edge that features of the center of the grating are not taken into account. In experiments for this and other contributions, some observers performed more than 3000 trials without detecting the vernier. After the experimental set-up was revealed, subjects were deeply surprised and could not believe that they were discriminating offsets of an element which in reality was straight.
Feature integration
The vernier offset is perceived only in the focus of attention. In this focus, the vernier offset can be combined with an offset of the attended grating element. This combination occurs in a monotonic fashion . Both offsets are taken into account, contributing to performance in a scaled fashion. Therefore, the attended edge element does not simply ''overwrite'' the vernier offset. It remains an open question whether in each trial both features are combined to a unique percept or if one of the features dominates the other one in a winner take all fashion. Increasing the offset size of either element might increase the probability to dominate.
Neighboring elements can mutually influence each othersÕ processing (e.g. Badcock & Westheimer, 1985a , 1985b Levi, Klein, & Aitsebaomo, 1985; Watt & Morgan, 1984; Westheimer & Hauske, 1975; Westheimer & McKee, 1977) whereby features of nearby elements can be integrated (e.g., Baldassi & Burr, 2000; Parkes, Lund, Angelucci, Solomon, & Morgan, 2001 ). This integration is often explained by a pooling mechanism: features in small spatio-temporal windows are analyzed and, then, feed preattentively into a pooling unit that weights its inputs depending on the spatial position of the pooled elements. Such an approach can, however, not explain why grating offsets outside the focus of attention do not influence performance (see Section 3.1.1, Scenario 2). Moreover, it seems that the focus of attention rather than the location of vernier presentation determines performance (Figs. 2 and 9 ). To account for feature inheritance, a pooling mechanisms has to incorporate an attentional component.
Another possibility is that mis-localization occurs since neural activity corresponding to the vernier offset spreads mediated by lateral neural connections. This view is not as speculative as it might appear at first glance since optical imaging techniques and electrophysiological recordings have both shown that neuronal activity can spread over the cortex (Bakin, Kwon, Masino, Weinberger, & Frostig, 1996; Bringuier, Chavane, Glaeser, & Fregnac, 1999; Dinse, Krueger, & Best, 1990; Gail, Brinksmeyer, & Eckhorn, 2000; Grinvald, Lieke, Frostig, & Hildesheim, 1994) . ''Spread'' of features occurs also in other perceptual phenomena, such as neon color spreading (for a review see Bressan, Mingolla, Spillmann, & Watanabe, 1997) , the water coloring effect (Pinna, Brelstaff, & Spillmann, 2001; Pinna, Werner, & Spillmann, 2003) , feature spread in texture fillingin (e.g., Grossberg & Mingolla, 1985; Caputo, 1998) , and wave propagation during the transition periods in binocular rivalry (Welpe, Seelen, & Fahle, 1980; Wilson, Blake, & Lee, 2001 ).
Related work
In feature inheritance, features are falsely attributed, a phenomenon extensively studied with illusory conjunctions (Treisman & Schmidt, 1982) . Whereas in the illusory conjunction paradigm, feature mis-localization occurs outside the focus of attention, feature mislocalization occurs inside the focus of attention in the feature inheritance effect. We hypothesized that during this mis-attribution features migrate in accordance with previous suggestions (Butler, Mewhort, & Browse, 1991; Wolford & Shum, 1980) . While in these studies feature migration seems to occur sporadically, in feature inheritance more than 80% correct responses are obtained with appropriate parameters, hence, feature mis-localization seems to be the rule and not an exception. Parkes et al. (2001) showed that the individual elements of an array of Gabor patches, presented in the periphery of the visual field, cannot be perceived individually, possibly related to crowding. However, the tilt of one Gabor can be attributed to the entire array. In our study averaging of elements seems to occur only in the focus of attention, while the offsets of the grating elements outside the focus of attention will not be included in the average. Baldassi and Burr (2000) have shown that the orientation of an odd-man-out element is better discriminated than its location amongst distractors providing evidence for a separate analysis of form and space (see also Parkes et al., 2001) . In both paradigms, features of the entire stimulus are integrated increasing or decreasing thresholds if orientation is anti-correlated or correlated to the target orientation (but see Fig. 2 ).
It seems that feature inheritance is one instance of a set of effects in which features of a target are mis-attributed since the target is ''invisible''-be it due to crowding, spatial uncertainty, limited attentional resolution, or backward masking. Also in many metacontrast paradigms, the mask renders the target invisible still bequeathing some of its features (Enns, 2002; Stewart & Purcell, 1970; Werner, 1935; Wilson & Johnson, 1985) .
Whereas in the above backward masking paradigms, the features of shortly presented elements are bound to mask, much longer exposures of targets can yield aftereffects. In these cases, the masking elements adopt the feature in its opposite appearance, i.e., as with afterimages. For example, Suzuki and Cavanagh (1998) demonstrated that if a flashed line is followed by a circle, an ellipse is perceived elongated in the opposite direction of the axis of the line. Wolfe (1987) showed that an array of verniers can induce a vernier aftereffect in which the grating appears to be offset in the opposite direction than the preceding vernier. The mechanisms in feature inheritance and vernier adaptation obviously yield opposite results which may be explained by the strong differences in stimulus timing.
Summary
In feature inheritance, attention seems to play an important role. We found that a vernier offset is read out only in the focus of attention where the vernier offset is combined with offsets of the attended grating element (Figs. 2 and 5 ). The deployment of attention to the edges of the grating may be related to the narrow spacing of the grating elements that is finer than the resolution of attention (Fig. 3) . A steady fixation of the eyes is not necessary for feature inheritance to occur (Fig. 4) . Feature pooling seems to be attention rather than space based in feature inheritance. The feature inheritance effect allows one to dissociate the focus of attention and the location of target presentation. Hence, the feature inheritance effect is a suitable tool to investigate feature integration across space and time.
